way that each cell type is specified is imperative to such an approach. Over the years, various experimental approaches, including cell lineage tracing with retroviral transduction (2) , selective killing of a particular cell type (3, 4) , and exposing retinal progenitor cells to altered environments (5) , have been used to address whether cell lineages play a decisive role in retinal cell fate selection. Results from these and other studies suggest that in the vertebrate retina, cell lineage is not deterministic, and micro-environmental cues surrounding the multipotent progenitors play important roles in specifying retinal cell fate. It is believed that key steps in cell-type specification occur after terminal mitosis (6) . More than a decade of investigation has produced literature rich in information about the extrinsic factors contributing to retinal-cell-type specification. These factors include cell-cell interactions (5), growth factors and receptors (7, 8) , Hedgehog (9, 10) , and many others (11) .
Although appealing and widely accepted, the notion is challenged by two lines of evidence. First, studies by different groups have shown lineage bias of certain retinal cells (12, 13) . Second, the retinal progenitors at different developmental stages appear intrinsically different (14) (15) (16) (17) . Additionally, the environmental cue theory has yet to be supported by a direct demonstration of a fate change when a cell from one anatomical location is grafted into another.
Appealing evidence of intrinsic factors playing active roles in retinal-cell-type specification comes from recent studies in which gene expression has been directly manipulated in vivo and in vitro. Gain-and loss-of-function studies have mounted ever-increasing evidence indicating that genetic programming regulated by transcription factors plays an important role in specifying the various cell types in the retina.
The Developing Retina Expresses Several Proneural bHLH Genes
Early studies have shown that during the development of the peripheral nervous system, intrinsic developmental factors play decisive roles in the generation of the diverse cell types. Many of these factors belong to the basic helix-loop-helix (bHLH) family of transcriptional factors and are homologous to the Drosophila proneural genes achaete-scute and atonal. This has generated a surge in studies of proneural bHLH genes in retinal development, including ash1 (18, 19) , ash3 (20, 21) , ath3 (22, 23) , ath5 (24) (25) (26) (27) (28) (29) (30) (31) (32) , neuroD (33) (34) (35) (36) (37) , neurogenin1 (22) , and neurogenin2 (ngn2; refs. 38 and 39). Additionally, two distantly related genes, NSCL1 (40) and NSCL2 (41) , have also been investigated. Of these bHLH genes, ash1, ash3, ngn2, and ath3 are expressed in subpopulations of proliferating progenitor cells. ath3 is also expressed in differentiating bipolar cells. ath5 is expressed in progenitor cells that have withdrawn from the cell cycle and that may develop into various types of retinal neurons. neuroD is expressed mostly in postmitotic cells. NSCL1 is transiently expressed in differentiating ganglion cells and is also expressed in Müller glial cells. NSCL2 is expressed in differentiating amacrine cells and horizontal cells. Bhlhb4, another bHLH gene, is expressed in bipolar cells and involved in their maturation (42) .
neuroD Participates in Photoreceptor Specification

Expression of neuroD in Photoreceptors and Their Precursors
neuroD is a vertebrate homolog of Drosophila atonal and plays an important role in the development of numerous neural and non-neural tissues (for a recent review on neuroD; see ref.
43).
The retinal expression and function of neuroD have been studied in many vertebrate species. Considerable discrepancies exist in the literature, perhaps because of species variations and differences in the sensitivity and specificity of the detection methods. Overall, each study shows major-if not exclusive-neuroD expression in photoreceptor cells and their precursors, rendering neuroD the only proneural bHLH gene known to be expressed in young photoreceptor cells and their precursors. In situ hybridization under high-stringency conditions (33) and immunohistochemistry with affinity-purified antibody (35) have been used to define neuroD expression in the developing chick retina. As shown in Fig. 1 , neuroD messenger RNA (mRNA; Fig. 1B ) and NeuroD protein (Fig. 1C) localize to photoreceptor precursors converging at the outer portion of the retinal neuro-epithelium. In a newly stratified retina, NeuroD protein is detected in the developing photoreceptor cells in the newly formed outer nuclear layer (ONL; Fig. 1D ). In the teleost retina, in which persistent rod genesis occurs throughout life, neuroD is expressed in newly born cones and in the rod lineage (37) .
Slight expression of neuroD has been reported in amacrine cells of mouse retina (34, 36, 44) . In goldfish retina, neuroD is expression in putative amacrine cells (37) . Although this expression is consistent with the notion that neuroD specifies amacrine cells fate (refs. 34 and 44; see Roles of bHLH Genes in INL Cell Generation), it remains an interesting possibility that the low level of expression may imply an involvement of neuroD in the production of a subset of the inner retinal photoreceptors (which have recently been reported) (45) , which may localize among amacrine cells, horizontal cells (46) , and ganglion cells (47) . Notably, transient and low levels of expression of photoreceptor-specific genes have been observed in developing amacrine cells in the chick retina. For example, expression of visinin (a gene encoding a photoreceptor-specific calcium-binding protein) has been detected in developing amacrine cells by in situ hybridization (33, 35) and by immunostaining with a monoclonal antibody (35) . RXRγ, another early photoreceptor gene, is also weakly expressed in some cells in the amacrine cell location (48) . These observations imply that developing amacrine cells may transiently express photoreceptor genes (such as neuroD, visinin, and RXRγ), and the expression is suppressed as differentiation proceeds. Rigorous studies are needed to test this possibility.
Overproduction of Photoreceptor Cells
On neuroD Misexpression
The first evidence showing that neuroD induces selective overproduction of photoreceptor cells came from a gain-of-function study in the embryonic chick retina (33) . Retrovirus RCAS-driven widespread expression (or misexpression) of neuroD in chick retinal neuro-epithelium produced a retina with three, rather than two, layers of photoreceptor cells. The number of cells that expressed visinin increased more than 50% compared with control embryos misexpressing the green fluorescent protein (GFP). No significant changes have been observed in markers for numerous other retinal neurons, including RA4 (ganglion cells), pax6 (ganglion cells and amacrine cells), and chx10 (bipolar cells). Therefore, neuroD alone is sufficient to recruit additional cells into photoreceptors during retinal neurogenesis.
The ability of neuroD to selectively promote photoreceptor genesis has also been observed in mouse retina. Inoue et al. (44) noted that retroviral transduction of neuroD in E17.5 retina selectively promoted the genesis of rods, which account for approx 97% of all photoreceptor cells in the mouse retina.
Photoreceptor Cell Deficiency From Diminished neuroD Expression or Function
The retinal phenotypes of neuroD knockout mice have been examined by different groups. Under the 129/SvEv genetic background, neuroD-null mice develop severe hypoglycemia and die within 5 d. Therefore, Morrow et al. (34) used explant cultures of P0 retina to study the role of neuroD in retinal development. Researchers found that in neuroD-null retina, glial and bipolar cell populations increased, amacrine cell differentiation was delayed, and the photoreceptor number decreased, which was attributed to cell death. Additionally, glial cell bodies were present in the ONL. When crossed into a different genetic background, 60 to 70% of neuroD-null mice survived to adulthood (49) . These animals displayed photoreceptor-specific deficits (36) . The photoreceptor population was reduced by 50% at 2 to 3 mo, and essentially none were left by 18 mo. This progressive loss indicates slow photoreceptor degeneration in the absence of neuroD. Notably, conspicuous cell death occurs in the developing neuroD-null retina, peaking at P3 and leveling at P5, when the bulk of photoreceptor cells have been produced (50) . Although the cause for this early phase of cell death was unclear, it is possible that in the absence of neuroD, certain presumptive photoreceptor cells could not be specified properly and this improper specification resulted in cell death. Despite the pronounced photoreceptor reduction, there were few changes in the inner nuclear layer (INL) and ganglion cell layer in neuroD-null mice. This result is different from those of Morrow et al. (34) and Inoue et al. (44) , which showed deficiencies of amacrine cells in neuroD single-knockout and neuroD/ath3 double-knockout, respectively. The discrepancy may arise from the use of explant cultures to allow the developing retina to mature in the latter two studies rather than in vivo conditions used by the former study (43) .
Akagi et al. (51) examined double-knockouts of ash1/ngn2, ash1/ath3, ash1/neuroD, ath3/ngn2, ath3/neuroD, and neuroD/ngn2. They noted that although some of them have a reduced number of photoreceptor cells, none has fewer photoreceptor cells than neuroD single-knockout. This suggests that among the bHLH genes tested, only neuroD plays a critical role in photoreceptor cell production.
In the chick retina, the question of whether neuroD is required for photoreceptor cell production has been approached by three strategies: Engrailed (En)-mediated active repression, antisense oligonucleotides, and small interfering RNA (siRNA) to attenuate neuroD expression and function (35) . Chick embryos infected with retroviruses expressing an active repression construct, En-NeuroD∆C, exhibited severe photoreceptor deficits. The ONL of the retina is no longer a contiguous structure but becomes fragmented with regions containing fewer or no photoreceptor cells. Photoreceptor deficiency was evident even before the retina became laminated, suggesting that active repression of NeuroD may have affected photoreceptor genesis. No deficiency was observed in other types of retinal cells. The density of AP2α amacrine cells in the infected region was similar to that in the adjacent, uninfected regions. Subjecting the developing retina to antisense oligonucleotides against neuroD yielded fewer photoreceptor cells both in vivo and in vitro. Culturing retinal cells in the presence of siRNA against neuroD resulted in a more than 50% reduction in the number of photoreceptor cells. All three experimental methods produced photoreceptor-cellspecific deficits (35) .
In En-NeuroD∆C retina, chx10 + cells were transiently present in the ONL (35) , where photoreceptor cells reside. These chx10 + cells in the ONL might be authentic bipolar cells that have migrated into the ONL. They might also be misfated, or refated, cells. It is possible that these cells were originally to become photoreceptor cells but switched to chx10 + bipolar cells because of the repression of NeuroD function by Engrailed. This scenario is further supported by the increase in chx10 + cells in the neuroD siRNA experiment (35) . Bipolar cell population was reported to be increased in mice lacking neuroD (34) . Therefore, it is possible that reducing neuroD activity promotes a fate switch from a photoreceptor cell to a bipolar cell.
RPE Transdifferentiation Toward Photoreceptor Cells Induced by neuroD
Another direct demonstration of neuroD as one of the key players in photoreceptor specification came from retinal pigment epithelium (RPE) transdifferentiation assays (33, 52, 53) . The assay takes advantage of the plasticity of cultured RPE cells, which can adopt a fate other than RPE (i.e., transdifferentiation), and the absence of endogenous expression of proneural genes. Dissociated E6 RPE cells are cultured, and retrovirus RCAS-neuroD is added to the culture. From this culture of nonneural RPE cells emerges de novo a large number of cells expressing visinin ( Fig. 2A) . No such cells are present in the control culture infected with RCAS-GFP (Fig. 2B) . Morphologically, Visinin + cells resemble bona fide photoreceptor cells developed in culture (Fig.  3A,D) . These morphologies include an elongated cell body, an axon on the basal side (arrows), elaborate axonal arboration (arrow heads), and an inner segment-like structure (open arrows). Transdifferentiating cells also express the general neural marker mitogenactivated protein 2 and several photoreceptorspecific genes, including raxL (31) , which is a homeodomain gene playing an important role in initiating the photoreceptor differentiation program (54), IRBP, cone α-PDE, rhodopsin, and the red, green, and blue pigment genes (52) . Because the photopigment genes are normally expressed during the late phases of photoreceptor differentiation in the retina (55) their expression in transdifferentiating cells suggests that neuroD can not only instruct presumptive RPE cells to a photoreceptor fate but can also trigger substantial photoreceptor differentiation.
Transcription Factors in Photoreceptor Subtype Specification
After the establishment of photoreceptor identity, subsequent subtype specification employs additional transcription factor genes. For example, thyroid hormone receptor-β2 (Thrb; a ligand-activated transcription factor) specifies the identity of M-cones (56) . In thrb-null mice, there is a selective loss of M-cones and a concomitant increase in S-opsin immunoreactive cones. nrl, a bZIP transcription factor gene, determines the rod cell fate (57) . nrl-null retinas show an extreme transformation of rods into cone-like cells. Nr2e3, a rod photoreceptor-specific nuclear receptor, has been found to repress transcription of multiple cone-specific genes (58) .
Two Pathways Leading to Photoreceptor Cell Generation
The ngn2 Pathway A search for bHLH gene(s) upstream of neuroD in the developing retina led to ngn2 and ath5 (31, 38) . In the developing chick retina, ngn2 mRNA is detected in cells scattered across the retinal neuro-epithelium and is undetectable in differentiating cells that are accumulating at their prospective anatomical locations within the pseudostratified retinal neuro-epithelium (38) . Double-labeling showed that cells expressing ngn2 also incorporated BrdU or expressed proliferating cell nuclear antigen, indicating that proliferating neuroblasts expressed ngn2. Similarly to neuroD, ngn2 induced cultured RPE cells to transdifferentiate along the photoreceptor pathway (38) . It induced neuroD and raxL, but not vise versa, indicating that its photoreceptor-promoting activity is mediated by neuroD, which, in turn, induces raxL (31) . The neural transdifferen-
162
Yan et al. tiation of RPE cells induced by ngn2 is extensive, as assessed by the expression of several neuralspecific genes and the development of elaborate morphologies, such as an oil-droplet-like structure (Fig. 3B ) that is characteristics of chick photoreceptors. In mouse retina, regions lacking ngn2 expression contain no photoreceptor cells (39) . Therefore, photoreceptor formation likely employs a transcriptional hierarchy of ngn2→ neuroD→raxL→ photoreceptor differentiation.
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Conversely to neuroD (which induces RPE to transdifferentiate toward photoreceptor cells selectively), ngn2 induces cultured RPE cells to transdifferentiate along various retinal pathways, including photoreceptor and ganglion cell pathways (38) . This suggests that ngn2 is not present during the key step in specifying the photoreceptor fate or the ganglion cell fate. This is further supported by our recent studies (Ma et al., manuscript submitted) of the final fates of cells that transiently express ngn2 during development using the conditional, binary CreER TM -LacZ system with the ngn2-CreER TM mice (59) . In these mice, LacZ + cells were detected in all three nuclear layers of the retina and included all major types of retinal cells, even Müller glia. Furthermore, the temporal window in which a particular cell type was marked appeared nonrandom but was similar to its birth date, and the overall order of LacZ labeling of major cell types closely resembled their birth sequence. Therefore, ngn2 is likely to be involved in a developmental step prior to key events in retinal-cell-type specification (Fig. 4) .
The ath5 Pathway
The observation that ath5 can lead to the photoreceptor pathway was surprising, because ath5 had been known for its role in retinal ganglion cell development (see the next section). In the developing chick retina, ath5 is expressed in two zones of cells. One zone coincides with the anatomical location of differentiating retinal ganglion cells, and the other is adjacent to young photoreceptor cells concentrating at the outer portion of the retinal neuro-epithelium. Coexpression with neuroD is observed in the zone adjacent to young photoreceptor cells (31) . This is consistent with ath5 being involved in photoreceptor production. The two-zone pattern of ath5 expression was also observed in mouse retina expressing an ath5-LacZ knock-in (27) .
A direct indication of ath5 participating in photoreceptor genesis came from experiments using the developing retina and retinal cells (31) . Misexpression of ath5 increases the number of photoreceptor cells. Notably, the increase is developmentally stage-dependent and is observed at times coinciding with photoreceptor genesis. At earlier stages, ath5 misexpression leads to an increase in ganglion cells, which are born before photoreceptor cells. This time dependency implies that ath5 participates in retinal neurogenesis by interacting with temporally regulated factors or cues. Therefore, ath5 participates in the production of not only ganglion cells but also photoreceptor cells and, consequently, may not specify a particular cell type in the retina. This proposition is consistent with the results of the cell-tracing study by Yang et al. (60) , which showed that in mouse retinal cells, expressing ath5 may differentiate into various types of cells, including photoreceptor cells, amacrine cells, and ganglion cells.
ath5 leading to the photoreceptor pathway was also shown by RPE transdifferentiation assay (31) . Retroviral-driven ectopic expression of ath5 induces cultured RPE cells to transdifferentiate into cells that express photoreceptor-specific genes, including visinin, IRBP, red opsin, and rhodopsin. The expression of the red opsin and rhodopsin indicates that ath5 can lead to the genesis of both cones and rods. Transdifferentiating cells develop highly structured morphologies (Fig. 3C) resembling young photoreceptor cells derived from the developing retina (Fig. 3D) . These results suggest that ath5 can trigger a spectrum of genes associated with photoreceptor development and differentiation of both cones and rods. The repertoire of genes includes neuroD and raxL (31) . Therefore, it appears that a pathway of ath5→neuroD→raxL and other photoreceptor genes might underlie the de novo generation of photoreceptor-like cells in the RPE cell cultures ectopically expressing ath5.
The RPE transdifferentiation assay was used to address the possibility of whether ath5 is genetically downstream of ngn2. Reverse transcriptase-polymerase chain reaction showed no induction of ath5 by ngn2 or by neuroD, and there was no induction of ngn2 by ath5 (31) . Studies using the zebrafish retina have indicated that sonic hedgehog may induce ath5 expression (25, 30) . Because of these findings, ngn2 and ath5 may belong to separate pathways that interconnect at neuroD leading to photoreceptor genesis. Note that in this hypothesis, neuroD expression constitutes one branch of the bHLH hierarchies represented by ngn2 and ath5, which can also lead to other types of retinal neurons (Fig. 4) .
The presence of two pathways independently inducing neuroD implies that photoreceptor genesis deploys a central step(s) that involves neuroD. This central step ties into, or receives inputs from, other bHLH networks and, perhaps, other regulatory networks to ensure that photoreceptor genesis keeps pace with the production of other retinal cell types for the formation of a functional retina. However, the current information does not rule out the possible presence of a neuroD-independent pathway(s) leading to photoreceptor genesis. The neuroD-independent pathway may operate during normal development or may be set in motion only under abnormal conditions, such as genetic alterations.
Requirement of Intrinsic and Extrinsic Factors in Ganglion Cell Generation
Retinal ganglion cells are the first cell type to be generated during retinal neurogenesis. One of the most well-studied bHLH genes in ganglion cell production is ath5. Misexpression of ath5 in the retina of various species results in an increase in ganglion cell number (21, 28, 31, 32, 61) , implying that ath5 is sufficient to guide a retinal progenitor cell to differentiate as a ganglion cell. Mouse retinas lacking ath5 exhibit profound deficits in ganglion cell population (26, 27) . Mutation in zebrafish ath5 results in
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complete elimination of ganglion cells (29).
These gain-and loss-of-function studies are consistent with ath5 specifying the retinal ganglion cell type. However, cell tracing showed that ath5-expressing cells may adopt various fates (60) , and functional analyses with retinal and RPE cells show that ath5 can lead to photoreceptor cells, as discussed in the previous section. Additionally, an RPE transdifferentiation assay showed that ath5 alone was unable to induce de novo expression of ganglion cell markers such as RA4 (62) . Rather, ath5 was shown to enhance basic fibroblast growth factor (bFGF)-initiated RPE transdifferentiation toward ganglion cells. Together, current information indicates that ath5 may not specify a particular cell type; rather, it is involved in multiple steps of retinal neurogenesis, including the differentiation of ganglion cells and the development of progenitor cells, which are subsequently specified into different types of retinal cells. Differentiating ganglion cells or their precursors express another bHLH gene: NSCL1 (40) . Misexpression of NSCL1 in the developing retina results in a moderate increase in the ganglion cell population (32) . In an RPE transdifferentiation assay, NSCL1 alone is insufficient to induce transdifferentiation toward ganglion cells but can enhance such transdifferentiation initiated by bFGF. Therefore, similarly to ath5, NSCL1 is unlikely to play a key role in ganglion cell fate specification but, rather, plays a role in ganglion cell differentiation. Co-expression of ath5 and NSCL1 promotes retinal ganglion cell differentiation to a greater extent than either gene alone, both in vivo in the developing chick retina and in vitro in RPE cell cultures (32) , implying a combinational effect of the two bHLH genes.
ngn2, which is expressed in progenitor cells still in the cell cycle, may lead to the ganglion pathway, in addition to the photoreceptor pathway (as discussed in the previous section). ngn2 alone is sufficient to guide RPE transdifferentiation toward ganglion cells, including the expression of NSCL1 and the development of cellular processes typical of long-projecting neurons (38) . Both functional assays and cellfate-tracing studies have indicated that ngn2 does not specify a ganglion cell fate.
Extrinsic factor bFGF has been shown to potentiate a ganglion cell fate (63, 64) . In the RPE transdifferentiation assay, bFGF elicits the expression of ganglion cell marker RA4. However, the extent of differentiation is very limited (53, 62) , because those cells do not express many other ganglion cell genes. Expression of these markers was detected in bFGF-primed RPE cultures infected with RCAS-ath5 or RCAS-NSCL1 (62), suggesting that the bHLH hierarchy may incorporate input from extrinsic factor bFGF to promote retinal ganglion cell genesis and development.
Hedgehog is another extrinsic factor shown to regulate ganglion cell generation and differentiation (25, 30, (65) (66) (67) . It has been proposed that Hedgehog signaling participates in propagating the expression of ath5 in zebrafish (25, 30) . Current information indicates that specification of retinal ganglion cells may be a stepwise process involving both extrinsic and intrinsic factors of a hierarchical gene regulatory network (for a resent review, see ref. 68).
Roles of bHLH Genes in INL Cell Generation
Bipolar Cells
Genetic knockouts have been instrumental in elucidating the role of bHLH genes in INL neuron production. Mice lacking ash1 do not exhibit any obvious abnormalities in eye development during embryogenesis or at birth, the time when the mutant mice die. However, explant cultures of ash1-null retinas showed a delay in differentiation of rod photoreceptors, horizontal cells, and bipolar cells as well as a decrease in the number of bipolar cells (18) . In ash1/ath3 double-knockouts, bipolar cells were virtually abolished (69) . These results indicate a role of ash1 and ath3 in bipolar cell generation. Misexpression of ash1 or ath3 alone does not promote bipolar cell genesis, but co-misexpression of bHLH Genes 165 ash1, ath3, and chx10 results in an increase in bipolar cells (23) . A role of ngn2 in bipolar cell genesis has been reported (39) . Therefore, bipolar genesis likely involves multiple genes, and a bHLH gene with a key role in bipolar cell specification, should it exist, remains to be identified.
Horizontal Cells
Aiming to find the regulator of horizontal cell specification, Akagi et al. (51) examined the retinas from double-and triple-knockouts of various bHLH genes. In retinas lacking ash1/ath3/ ngn2 or lacking ath3/neuroD/ngn2, the number of horizontal and other neurons was much lower. The number of horizontal cells was not affected by a lack of ash1/ath3/neuroD. These results suggest that ngn2 may play an important role in horizontal cell genesis. However, horizontal cells developed normally in doubleknockouts of ash1/ngn2, ath3/ngn2, and neuroD/ ngn2. These phenotypes underscore the complexity of bHLH genes in retinal development. Detailed analyses of an array of triple-knockouts of bHLH genes have revealed altered expression of remaining bHLH genes, which are believed to at least partly contribute to the somewhat perplexing phenotypes (51).
Amacrine Cells
neuroD has been reported to be a key player in amacrine cell specification; however, the issue remains controversial. It has been reported that a neuroD knockout reduces amacrine cell number (34) , and an ath3/neuroD double-knockout abolishes amacrine cells (44) . However, amacrine cells developed normally in another neuroD single-knockout study (36) and in an ath3/ash/neuroD triple-knockout (51) . In gain-of-function studies, retroviral-driven overexpression of neuroD in rodent retina was found to promote amacrine cells (34) but was found to promote rod photoreceptor cells in another study (44) . Although the underlying cause of the discrepancy in the same species (mouse) is unclear, the inconsistent observations further highlight the intricacy in dissecting the role of bHLH. In the chick embryos, although profound photoreceptor deficits were observed (35) , Engrailed-mediated active repression of NeuroD protein did not reduce the number of amacrine cells, and retroviral misexpression of neuroD did not increase the production of amacrine cells (33) .
Cell-Type Specification by Other Transcription Factors
Cell-type specification of INL neurons involves other types of transcription factors. Homeobox gene chx10 has been shown to play an important role in bipolar cell production. chx10 is initially expressed in retinal progenitor cells and is expressed later in differentiated bipolar cells (70) . Mutations in chx10 result in microphthalmia and a complete loss of bipolar cells (71) . However, chx10 is not believed to be the factor for bipolar cell fate decision, although it is required for bipolar cell development (23) . Another homeobox gene, prox1, is both necessary and sufficient for cell fate specification of horizontal cells. Dyer et al. (72) reported that the prox1-null retina was deficient in horizontal cells, and misexpression of prox1 in progenitor cells promoted horizontal cell formation. Recently, Li et al. (73) showed that foxn4, a gene upstream of prox1 and encoding a winged helix/forkhead transcription factor, is both necessary and sufficient for amacrine cell genesis and is required for horizontal cell genesis. Targeted disruption of foxn4 largely eliminates amacrine neurons and completely abolishes horizontal cells, whereas overexpression of foxn4 strongly promotes an amacrine cell fate.
The Linage Factor
Experimental evidence demonstrates that certain types of retinal cells exhibit lineage bias. Alexiades and Cepko (13) showed that amacrine cells, horizontal cells, and rods-but not conesare descendents of one subpopulation (VC1.1 + ) of progenitors, whereas VC1.1 -progenitors give rise to cones. Moody and colleagues (74) used the highly stereotypic blastomeres of Xenopus cleavage embryos to create reproducible, quantitative fate maps. Such maps have revealed lineage bias toward subsets of amacrine cells (12, 75) . Further analyses showed that the acquisition of the bias occurs at different developmental steps, from the initial cleavage to the optic vesicle stage. Interestingly, at each of these steps, a fraction of the progenitor pool is biased, and the remaining pool maintains multipotency (76) .
Importance of Tight Regulation of bHLH Genes
All the proneural bHLH genes display spatially and/or temporally restricted expression in the developing retina, suggesting that their regulated expression could be important for normal retinal development. The importance of restricted expression is illustrated by the gross abnormality in retinal development caused by experimental misexpression of bHLH genes. Small eyes were produced when NSCL1 was misexpressed in the retinal neuroepithelium through viral transduction (40) . Pulse-labeling with BrdU and [ 3 H]thymidine revealed a significant decrease in cell-proliferation activity with NSCL1 misexpression. Massive cell death occurred, but only after cell proliferation activity had subsided, resulting in major distortions of retinal structure. Presently, it is unclear how NSCL1 modulates cell proliferation and cell death. Nonetheless, it could act through reducing bmp4 expression (77) , which is hypothesized to play important roles in cell proliferation and cell death (78) (79) (80) .
NSCL2 is expressed in amacrine and horizontal cells, and its expression is maintained in the mature retina (41) . Retroviral-driven misexpression of NSCL2 in the developing chick retina resulted in missing photoreceptor cells and gross deficits in the ONL. These deficits did not result from decreased photoreceptor production, because the ONL appeared normal in early developmental stages. TUNEL + cells were detected in the ONL, indicating that photoreceptor cells underwent apoptosis in retinas misexpressing NSCL2. NSCL2 also caused atrophy of Müller glia, because Müller glial cells were far fewer in the experimental retina than in the control. The onset of the disappearance of the Müller glia preceded photoreceptor degeneration, indicating that without Müller glia, photoreceptors cannot survive for long. Although the mechanisms underlying Müller glial atrophy and photoreceptor atrophy by misexpression of NSCL2 are unknown, one may speculate that NSCL2 interfered with NeuroD function in photoreceptor cells or NSCL1 protein in Müller glia (40) . Alternatively, misexpression of NSCL2 caused atrophy of Müller glia, which subsequently triggered the death of photoreceptors.
Conclusions
Studies employing diverse experimental systems in various species have shown that proneural bHLH genes make important contributions to the development of the retinal. Current information indicates that only a small fraction of these bHLH genes directly participates in key steps in the retinal-cell-type-specification process, whereas the others are involved in the development (or restricting the potential) of common progenitors and/or in cellular differentiation (Table 1) . Gain-and loss-of-functions studies using various systems have illustrated the enormous complexity of bHLH gene networks in retinal neurogenesis. Future studies are expected to shed light on (a) the hierarchies and networks of bHLH genes, (b) the interaction of bHLH genes with other transcription factor genes, and (c) how intrinsic factors sense and respond to environmental cues in orchestrating the genesis of the diverse cell types in the vertebrate retina. Generation of bipolar cells and amacrine cells (23, 44) , neuron vs glia (23) ath5
Progenitor cells leading to multiple cell types, including photoreceptor cells and ganglion cells (31, 60) , ganglion cell generation (25, (27) (28) (29) 32) , and ganglion cell differentiation (26, 30, 31, 32) 
